Objectives: To assess whether therapeutic vaccination with ALVAC-HIV 6 Remune affects viral reservoir size in antiretroviral therapy-treated individuals.
INTRODUCTION
The development of a therapeutic vaccine capable of inducing effective, sustained anti-HIV immunity in an infected individual would significantly improve HIV treatment by eliminating the need for antiretroviral therapy (ART), [1] [2] [3] which is expensive, is associated with side effects, and must be taken for life. 4, 5 Ideally, such a therapeutic vaccine would induce immune responses that would control actively replicating virus and potentially reduce or eliminate latent but replication-competent virus 2 that is sequestered in reservoirs. 2, 6, 7 The persistence of viral reservoirs despite ART is considered a major barrier to HIV eradication. 2, 3, [6] [7] [8] [9] [10] We previously reported the results of a multicentre, randomized, 3-arm, placebo-controlled, double-blind study (CTN 173) assessing the potential therapeutic benefits of immunizing effectively treated, chronically HIV-infected individuals with ALVAC-HIV 6 Remune. 11 ALVAC-HIV contains a modified, recombinant canarypox virus (vCP1452) that expresses multiple HIV proteins, 12 whereas Remune consists of inactivated, gp120-depleted HIV. 13 These vaccines induce HIV-specific CD8 and CD4 T-cell responses, respectively.
In that study, ALVAC-HIV and Remune were shown to be safe and immunogenic. 11 Furthermore, the vaccines delayed the time until participants restarted therapy or met the predefined criteria to restart therapy. There was also a trend toward delayed viral load rebound, that is, time until the viral load exceeded 50 copies per milliliter, in vaccinated participants. In addition, participants who were vaccinated with ALVAC-HIV 6 Remune had a smaller decrease in their CD4 T-cell counts from the time of ART interruption until the end of the study compared to participants who received placebos. These findings demonstrated that ALVAC-HIV 6 Remune did, in fact, have biological activity, although any potential clinical benefits seem limited at best. ALVAC-HIV 6 Remune had no effect on the following outcomes: (1) the mean viral load 12 weeks following ART interruption, which was almost identical to the mean viral load before ART was initiated; (2) the viral set point following ART interruption; (3) the proportion of participants who restarted ART; or (4) the change in the CD4 T-cell count, the CD4 T-cell percentage, or the CD4/CD8 ratio between week 0 and week 24.
In this report, we describe the viral reservoir substudy in which the effect of ALVAC-HIV 6 Remune on the size of the viral reservoir between baseline (week 0) and the time following receipt of all vaccinations and before ART interruption (week 24) was investigated.
METHODS

Study Design
CTN 173 was a multicentre, randomized, 3-arm, double-blind, placebo-controlled trial that evaluated the efficacy of therapeutic vaccination with ALVAC-HIV 6 Remune in HIV-infected participants receiving effective ART 11, 14 ; the study design has been previously described in detail.
14 The study was registered with clinicaltrials.gov (NCT0021288). The participants involved in this substudy were from the McGill University Health Centre and the Centre de Recherche du Centre Hospitalier de l'Université de Montréal, both in Montréal, Quebec, Canada.
To determine the individual and additive effects of the 2 complementary vaccines on HIV-specific immunity, 52 participants were randomized into 3 treatment groups: group 1: ALVAC-HIV with Remune; group 2: ALVAC-HIV with Remune placebo; group 3: both placebos. Remune was administered at weeks 0, 12, and 20, whereas ALVAC-HIV was administered at weeks 8, 12, 16, and 20 . At week 24, at which time 48 participants remained in the study, ART was interrupted and the participants were closely monitored for clinical, virologic, and immunologic outcomes until week 48.
A substudy, the results of which are presented in this report, was also performed to evaluate the effect of ALVAC-HIV 6 Remune on the size of the viral reservoir that was assessed at baseline (week 0) and at week 24 after all vaccinations had been received.
Approval was obtained by the Research Ethics Boards of the 2 participating sites. This study was conducted in accordance with the ethical guidelines specified by Health Canada's Food and Drug Regulations and the Declaration of Helsinki. Written informed consent was obtained from each participant.
Vaccines
The ALVAC-HIV vaccine is a preparation of a modified recombinant canarypox virus (vCP1452) that expresses the HIV-1 Env and Gag proteins and a synthetic polypeptide that encompasses the known human cytotoxic T-cell (CTL) epitopes from the Nef and Pol proteins.
12 ALVAC-HIV placebo was composed of Tris-HCl buffer, virus stabilizer, and freeze-drying media reconstituted in isotonic saline. Remune consists of chemically and physically inactivated, gp120-depleted HIV-1 that is processed and highly purified before formulation with incomplete Freund adjuvant. 13 Remune placebo was incomplete Freund adjuvant.
Participant Characteristics
Eligible participants met the following criteria: (1) HIVinfected adults (.18 years); (2) receiving at least 3 antiretroviral agents; (3) viral load ,50 copies per milliliter for more than 2 years; (4) CD4 T-cell count .500 cells per microliter and CD4:CD8 ratio higher .0.5 at screening; (5) nadir CD4 T-cell count .250 cells per microliter; and (6) no evidence of hepatitis B or hepatitis C coinfection.
Participants who reached week 24 and maintained a viral load of ,50 copies per milliliter interrupted ART. The following protocol-defined criteria were used to decide if ART should be restarted: (1) viral load higher than 30,000 copies per milliliter on 2 occasions at least 4 weeks apart and not decreasing; OR (2) decrease in total CD4 T-cell counts .20% and CD4 T-cell percentage .5% points; OR (3) total CD4 T-cell counts ,350 cells per microliter.
Laboratory Measures CD4 T-Cell Counts and Viral Loads
CD4 T-cell counts and viral loads were measured at weeks 24, 0, 4, 8, 12, 16, 20 , and 24 as previously described. 11 Upon treatment interruption (week 24), CD4 Tcell counts continued to be performed every 4 weeks, whereas viral loads were measured twice weekly for 4 weeks (weeks 25-28 inclusive), weekly for 8 weeks (weeks 29-36 inclusive), then monthly, or until ART was restarted. Viral load was measured using the Chiron bDNA version 3.0 assay (Chiron Diagnostics, Emerville, CA).
Viral Outgrowth Assay to Quantify the Size of the Viral Reservoir
The size of the viral reservoir was assessed by quantifying replication-competent virus using a viral outgrowth assay. 15 A 5-fold change in infectious units per million (IUPM) values from week 0 to week 24 was defined as being a biologically meaningful change in the size of the viral reservoir based on our previous observations that an individual's IUPM values may vary daily from 0 to 5-fold (unpublished data C. Tremblay [2008] ). When a value below the limit of detection [,0.01 IUPM peripheral blood mononuclear cells (PBMCs)] was obtained, an imputed value of 0.01 was used to perform statistical analyses. Briefly, PBMCs were resuspended at a concentration of 1 · 10 6 cells per milliliter in RPMI 1640 medium (Sigma, St. Louis, MO) supplemented with 10% heat-inactivated fetal calf serum (Sigma), penicillin (50 U/mL) (Gibco, Burlington, ON), streptomycin (50 mg/mL) (Invitrogen, Burlington, Canada), L-glutamine (2 mM) (Gibco), HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) buffer (10 mM) (Gibco), and recombinant human interleukin 2 (100 U/mL) (Hoffmann-La Roche, Nutley, NJ). Six 5-fold PBMC dilutions ranging from 25 · 10 6 to 8 · 10 3 PBMCs were made. The 25 · 10 6 and 5 · 10 6 PBMC dilutions were cultured in duplicate in T75 and T25 flasks, respectively. The other dilutions were cultured in quadruplicate in 24-well plates. A CD3/CD8-bispecific monoclonal antibody that selectively expands CD4 T-cells while depleting CD8 T-cells by redirected cell-mediated cytotoxicity 16, 17 was added to the PBMCs at a final concentration of 1 mg/mL. One million PBMC feeder cells obtained from a healthy donor were added to the 24-well plate cultures; feeder cells were not required for the 25 · 10 6 and 5 · 10 6 PBMC cultures because these contained sufficient numbers of uninfected cells that could be subsequently infected. The cultures were incubated at 37°C, 5% CO 2 for 21 days with twice-weekly medium exchanges; the supernatant collected on day 21 was used for the measurement of HIV-1 p24 antigen by enzyme-linked immunosorbent assay (Vironostika; BioMérieux, Marcy l'Etoile, France). The number of IUPM PBMC was calculated from the pattern of positive wells by the method of maximum likelihood.
Calculations and Statistical Analysis
GraphPad Prism versions 5.04 and 6 software (GraphPad Software, La Jolla, CA) were used for statistical analyses. Changes in the size of the viral reservoir from baseline (week 0) to week 24 for an experimental group were assessed using the Wilcoxon signed rank test.
To determine if the median values of various demographic and biological characteristics varied significantly among the 3 experimental groups, the Kruskall-Wallis test was performed; Dunn multiple comparison test was performed posttest to determine if the medians of any pairs of groups differed.
Correlations between the size of the viral reservoir at either week 0 or week 24 and the time to viral rebound, the time to meet at least one criterion to restart ART, the viral load at the time of viral rebound, the viral load 12 weeks following ART interruption, the CD4 T-cell count at baseline (week 0), the CD4 T-cell count at week 24, the nadir CD4 T-cell count, or the new viral set point following ART interruption were assessed using Spearman correlation analysis.
RESULTS
Participants
CTN 173 was conducted between May 2004 and May 2006 during which time 17 individuals participated in a viral reservoir substudy, 16 of whom completed the substudy. These 16 participants were matched with respect to age, CD4 nadir, CD4 count at baseline, CD4% at baseline, and years on ART with the other participants in the parent study. However, only 20% of the subgroup participants were male compared to 92% of the remaining participants in the parent study. Of the 16 participants, 6 were randomized to group 1 (ALVAC-HIV + Remune), 5 to group 2 (ALVAC-HIV alone), and 5 to group 3 (both placebos). With the exception of gender, all baseline characteristics (age, CD4 T-cell counts, and duration on ART) were balanced between the arms (Table 1) .
Viral Reservoir Size
The effects of vaccination with ALVAC-HIV 6 Remune on the size of the viral reservoir were assessed by a viral outgrowth assay using activated CD4 T-cells expanded from PBMCs obtained from each participant at baseline (week 0) and at week 24 following receipt of all vaccinations and before ART interruption. A meaningful change in the size of the viral reservoir for an individual was defined as a $5-fold difference in the number of IUPM PBMC between the 2 time-points. Virus was recovered from 14 participants (group 1: n = 5; group 2: n = 4; group 3: n = 5) at baseline and from 10 participants (group 1: n = 4; group 3: n = 3; group 3: n = 3) at week 24 ( Table 2) .
The median size of the viral reservoir of the 16 participants at baseline was 0.07 (0.03-0.35) IUPM PBMC. The median sizes of the viral reservoir at baseline were 0.07 (0.03-0.37), 0.04 (0.02-0.33), and 0.13 (0.06-0.99) IUPM PBMC for groups 1, 2, and 3, respectively, with no significant difference between these values (P = 0.37). By week 24 of the study, the median sizes of the viral reservoirs were 0.04 (0.01-2.16), 0.04 (0.01-0.34), and 0.12 (0.01-0.44) IUPM PBMC for groups 1, 2, and 3, respectively, with no significant differences between these values (P = 0.91).
A comparison within each group of the median IUPM values at baseline and week 24 revealed that there were no statistically significant differences between these 2 timepoints (Table 2) : group 1 (ALVAC-HIV + Remune): P = 0.88; group 2 (ALVAC-HIV alone): P = 1.0; and group 3 (both placebos): P = 0.44, suggesting that vaccination with ALVAC-HIV 6 Remune did not affect the size of the viral reservoir.
Of the 16 participants in this substudy, a meaningful decline in IUPM values (defined as $5-fold) from baseline to week 24 was observed in 4 participants, an increase was observed in 2 participants, and no change was observed in 10 participants (Table 2 and Fig. 1 ). Of the 4 participants who experienced a decrease in the size of their viral reservoir from baseline to week 24, 1 received ALVAC-HIV + Remune (1/6 = 17% of participants in group 1), 1 received ALVAC-HIV alone (1/5 = 20% of participants in group 2), and 2 received both placebos (2/5 = 40% of participants in group 3) ( Table 2 and Fig. 1 ). Of the 2 participants who experienced an increase in the size of their viral reservoirs from week 0 to week 24, one received ALVAC-HIV + Remune (1/6 = 17% of participants in group 1) and the other received ALVAC-HIV alone (1/5 = 20% of participants in group 2) ( Table 2 and Fig. 1 ).
These observations further indicate that ALVAC-HIV 6 Remune had no effect on the size of the viral reservoir. In contrast, the recipients of both placebos had the highest number of participants experiencing a decrease in the size of their viral reservoir (40%) and the fewest number of participants experiencing an increase in the size of their viral reservoir (0%), although there were no statistically significant differences between groups with respect to the number of participants with decreases or increases in the size of their viral reservoir (P = 0.66 and P = 0.61, respectively). Furthermore, there were no statistically significant differences with respect to the change in the size of the viral reservoir from week 0 to week 24 for any of the groups.
Correlations Between the Size of the Viral Reservoir and Various Participant Characteristics and Outcome Measures
There were no correlations between the size of the viral reservoir at baseline and the time to viral rebound (r s = 20.06; P = 0.80), the time to meet at least one criterion to restart ART (r s = 0.10; P = 0.74), the viral load at the time of viral rebound (r s = 20.38; P = 0.15), the viral load 12 weeks following ART interruption (r s = 0.26; P = 0.32), the CD4 Tcell count at baseline (r s = 0.23; P = 0.39), the CD4 T-cell count at week 24 (r s = 0.20; P = 0.45), the nadir CD4 T-cell count (r s = 0.04; P = 0.88), or the new viral set point following ART interruption (r s = 0.11; P = 0.75). The viral set point was defined as the geometric mean of 3 consecutive weekly viral load values in which the slope between the first 2 and last 2 values was between 20.2 and 0.2 log 10 copies per milliliter per week. 18 Furthermore, there were no correlations between the size of the viral reservoir at week 24 and the time to viral rebound (r s = 0.02; P = 0.93), the time to meet at least one criterion to restart ART (r s = 20.15; P = 0.50), the viral load at the time of viral rebound (r s = 0.23; P = 0.39), the viral load 12 weeks following ART interruption (r s = 0.39; P = 0.14), the CD4 T-cell count at week 24 (r s = 0.21; P = 0.43), the nadir CD4 T-cell count (r s = 0.34; P = 0.19), or the new viral set point following ART interruption (r s = 20.13; P = 0.63) (data not shown). However, a correlation was observed between the size of the viral reservoir at week 24 and the CD4 T-cell count at baseline (r s = 0.57; P = 0.02).
DISCUSSION
The viral reservoir represents a major barrier to HIV eradication. 2, 3, [6] [7] [8] [9] [10] 18, 19 Resting CD4 T-cells constitute the primary viral reservoir, [20] [21] [22] [23] particularly central and transitional memory CD4 T cells 24 which are the most studied and best characterized HIV cellular reservoirs. 8, 10 The reservoir is established during primary HIV infection, 25 and its stability is thought to reflect the homeostatic proliferative capacity and longevity of memory T cells. 7 Although early initiation of ART before the reservoir is fully established, appears to reduce its size [26] [27] [28] ; once established, these reservoirs are not eradicated by ART. 20, 21 As a result, when ART is interrupted, viral rebound occurs within days to weeks because of reseeding from the viral reservoirs. 29 CTN 173 was a multicentre, randomized, 3-arm, placebocontrolled, double-blind study of a therapeutic vaccine in participants on suppressive ART. This study included a substudy that examined the effects of vaccination with ALVAC-HIV 6 Remune on the size of the viral reservoir. Overall, the vaccine regimen had no demonstrable impact on the size of the viral reservoir as measured by viral outgrowth assay.
Although polymerase chain reaction (PCR)-based quantification of cell-associated HIV-1 DNA is the most common technique for measuring the size of the viral because of the relative simplicity of this method, 6, 7, 9, 10 the viral outgrowth assay is currently considered the "gold standard" for measuring cells harboring latent virus able to replicate. 7, 10, 30 The use of this assay in this viral reservoir substudy is, therefore, one of the strengths of this substudy. Important advantages of this infectivity-based assay over PCRbased assays are its sensitivity 7, 9 and its ability to distinguish between replication-competent HIV DNA versus defective, replication incompetent HIV DNA. 6, 7, 9 Because PCR-based assays cannot distinguish between replication competent and defective, replication incompetent HIV DNA, PCR-based assays can overestimate the size of the viral reservoir, possibly by more than 2 logs. 7, 9, 10 In contrast, the viral outgrowth assay, which measures the minimum frequency of latently infected cells, underestimates the size of the viral reservoir. 6, 9 It was recently shown by Ho et al 31 that the extent of this underestimate, which is because of the presence of noninduced, but replication-competent, provirus, is at least 60-fold. Given that no single biomarker or assay has yet been identified that accurately quantifies the size of the replication-competent HIV reservoir, 7,9,30-32 the use of a single assay to measure the size of the viral reservoir is a limitation of this substudy.
The failure of ALVAC-HIV 6 Remune to affect the size of the viral reservoir in our substudy is consistent with the results obtained by Casazza et al 33 in a randomized, placebo-controlled trial, in which effectively treated participants were vaccinated with an HIV DNA vaccine encoding multiple HIV antigen, followed by boosting with a replication-deficient adenovirus type 5 vaccine expressing multiple HIV antigen.
In a therapeutic vaccine trial by Persaud et al, 34 although a modest, transient decrease in the size of the viral reservoir was observed, by the end of the study, the reservoir size was no different than that observed at baseline. In this trial, effectively treated participants were vaccinated with a modified vaccinia Ankara vector-based vaccine, followed by boosting with the same vaccine and with a Fowlpox vector-based HIV vaccine. In the study by Li et al, 35 immunization of effectively treated participants with a replication-defective recombinant adenovirus type 5 HIV-1 gag vaccine had no significant effect on the size of the viral reservoir as determined in a randomized, placebo-controlled trial.
Finally, in an open-label, randomized trial by Herasimtschuk et al, 36 immunization of effectively treated participants with GTU-MultiHIV DNA vaccine with or without subsequent administration of interleukin 2, granulocytemacrophage colony-stimulating factor, and recombinant human growth hormone did not significantly change the size of the viral reservoir.
Although therapeutic vaccination alone might not be capable of reducing viral reservoir size, it might induce HIVspecific CTLs that could kill cells whose latent virus has been reactivated by pharmacological approaches, 8, 19 thus accelerating the decay of the viral reservoir that does occur during the early phase of ART initiation. 19 Evidence for the involvement of stimulated, HIV-specific CTLs in eliminating CD4 T-cells whose latent HIV has been reactivated was provided recently in in vitro experiments with the HDAC inhibitor suberoylanilide hydroxamic acid. 37 Although suberoylanilide hydroxamic acid treatment of CD4 T-cells obtained from ART-treated patients resulted in reactivation of latent virus, the CD4 T-cells did not die, despite the induction of HIV-induced cytopathic effects and the presence of autologous, HIV-specific CTLs in the cultures. However, the addition of gag-stimulated CTLs to the cell cultures did result in the death of infected CD4 T-cells.
We acknowledge that the small number of individuals who participated in this substudy is one of its limitations. Unfortunately, the complexity and demands of the substudy precluded the recruitment of large numbers of participants. However, the small number of participants did not likely prevent the observation of a vaccine effect because there was not even a trend toward decreased viral reservoir size in response to vaccination. Furthermore, these disappointing results are consistent with those of other trials of therapeutic vaccine candidates tested in effectively treated participants. As a next step, novel therapeutic vaccines containing immunogens capable of inducing functional CTL responses to HIV epitopes will need to be developed. 19, 38 When combined with pharmacological agents that reverse HIV latency, these next generation therapeutic vaccines could play a critical role in reducing the size of the viral reservoir.
